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@ Application of tetredilefulvetenM In bloeleetroehemlealproeeaaee. 



|g) Sloalactrochemlcal proooaaea uae teirathtafuNalenaa 
rTTF) aa a madlator of electron Iranafar betu/eon blotogtcal 
syatema and alaotrodaa. Typically tt flnda uae In bioalactro- 
chemfca] aaaaya, a-g. Involving glucoae oxtdaaa modlatad 
oxidation of gluooaa. Tlve TTF may be Immoblllaed on the 
alactroda aurfaoa, aa nuy ono or more enzymaa tnvoNed in tha 
prooeaa. 
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Deaerfptfon 

APPLICATION OF TETRATHIAFULVALENES IN BIOELECTROCHEMICAL PROCESSES 



Raid of the >nvention 
S The prasant invention relates to the use of tetrathlafulvalene (TTF) 




and fts darfvativee ae madlator morecutes In the transfer of elaetrone between redox eyetenia and electrodes (n 
bloalectrochemlcal processes. Such processes may be for example bloelectrochemica) assay procedurea. 
blologlcat fuel cells and bloelectrosynthesla of chemteals. 

Background to the invantfon 

The electraehamlstry of oxidoreductases has received considerable attention In relation to applications In 
enzyme elactrodesO-*). Many of the same consfdemtlons apply to thair use In tmmunoassay end other 
enzyme-labelled assays e^. ONA and RNA probe essays. In particutar. highly efRcIent coupling of enzymlc 
activity to the electrochemical detector Is essential for sensltivB and rapid assays. A number of approaches for 
the realisation of sledron transfer from blologleal syatema to emperometrtc electrodea have been descrfbecL 
but arguably the most effective Is the use of low molecular weight medtatoro to shuttle efectrons between ths 
catalyst and an electrode. Varloue mediators that have been reported for use In enzyme electrodes, such as 
ferricyanldeCB). tetracyano-p-qulnodlmethane(e)and ferrQcenet>0) could aieo be uaeftil In Immunosensors. 
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Mediated enzyme-Hnked immunoaasay. In which a GOD label was monitored using a ferrocene derfvallva. 
was first reported In 198500). A mors ele^nt poaalbllity Is the use of the mediator molecule as e lebeL Weber et 
alOO produced a conjugate of morphine and ferrocene cart>oxylfc actd. They showed ttwt the electrochemical 
oxidation of the fsrroeene label was reduced when morphine antibody bound the conjugate end used ttde 
principle In a displacement essay for codeine (see (a) belowl- Since the key to practloal oxldoreduetase 
electrochemistry Is the availability of a mediator su^ as fsrroeene, ft wes apparent that ttiis principle couM be 
used to trigger an etectrochemically coupled enzyme^ta^ysed reaction (see (b) below). 
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e.g. Morpblno/leiTocene ^ , 
conjugcrtd Gluconatds, / 

e.g. Codeine or morphine 
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The eff#cttv8 recycUng of the ferrocene by GOD resufta In a further emplificetlor^ of the eignal over 
electrochemlcel noise due to electroactive aubettnces present In the sample. 

ElectrochemlcaJly coupled enzyme reactions may siso activated by providing mlsalno cofactore or 
coenzymesVSK Quinoprotein dehydrogenesee could prove partlcularty valuable In this respect 

An immunoassay tor prostatic add phosphatase (PAP), a pros tate tumor mnilcar from human serum, which 
retles on enzyme amplification Is shown belowos). 
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The catalytic acttvity of the enzyme label (alkaline phosphatase) used In a sandwich assay Is monitored by 
the addition of the substrate r4ADP+ leading to the formaKon of the dephosphoiylatad product NAD* - The 
NAD+ formed enters a redox cycle InvoMng the enzymes alcohol dehydrogenase and dlaphoraae leading to 
the reduction of a mediator (ferricyanfde). Electrons from the NAD^/NADH redox cycle passed via the 
dlaphorase to the Fei»(CN)fl/Peii(CN)a couple. The reduced specfee Feu(CN)e was reoxidlsed at a platinum 
electrode at 450 mV versus a saturated calomel electrode producing an amperometrfc response. 

Similar prlnclplea may be applied to other affintty raactlone euch as DMA end RNA probe 
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compdsfng an organic solid with mstaimke eJactrfeol conductfvny (^organic matal'). These substancM ere 
formed as chargo-transfdr complexes batwaaa an electron donor molecule end an electron acceptor 
molecule. The principal inveetigattone have been with 7.73.8-tetraGyanoqulnodImethane (TCNQ) aa electron 
accepted and N-methyl-phenazinlum (NMP) as electron donor, but the posafbfllty of TTF^- TCNQ- complexes 
5 has also been conalderedn*). However, the present Invention Is dealing with the use of TTF In a different 
context: uncomplexed, as a mediator of electron transfer. 

Summary of the Invention 
According to one aspect of the present Invention there Is provided a bloelectrochemlcal pracass Involving 
10 electron tnansfer between a redox system and an electrode, eharactaifsed In that eafd electron transfer is 
mediated by a tetrathtaftifvalena, not being an 'organic metal' complex. The TTF Is preferably deposited on the 
electrode, but may be In solution. An oxidoreductase enzyme may be immobin&ed on the electrode. The 
Invention also Includes essay procedures incorporating such processes, and TTF-^odlfted electrodes for use 
In the processes. 

15 

Brtef descriptfon of the drawings 
Further features of the (nventfon wfll be deserfbed with reference to the accompanying drawlnge, wherein: 
FIgJ shows a diagrammatic cross-eectienal side view of en electrode; 

Rg2 Is a gniph showing currant potentfal response of a TTF-modMed glucose oxidase electrode; 
30 FlQJ3 is a graph showing a caflbradon curve of steady state current versus glucose concentration for a 

TTF-moditred glucose oxidase electrode ; 
FlgA Is a graph showing a pH prorffle of the TTF-modWed glucose oxidase electrode; 
FigJS Is a graph showing terrtperaturs rssponsa of the TTF-modifled gluoose oxidase electrode; 
Rg^ Is a gn^h showing the effect of nitrogen and oxygen saturation on the anodic currant of a typical 
2S TTF-modlfled glucoss oxidase electrode, at aaturstlng glucose concentration; 

Flg.7 is a giBph showing the decay of a typical TTF^odffied glucoae osddasa electrode at aaturallng 
glucose concentration; 

Rg.6 shows a caRbraHon curve of a fiMmbrvte-entrapped glucose dehydrogenase TTF-modmed 
electrode; 

30 Rg.9 shows a linear sweep voltammogram of aolubiliaed TTF and glucose with (cun^ A) and without 

(curve B) glucose oxidase; and 

Rg JO Is a graph showing a caUbratlon curve of steady state current versus gtucoaa concentration for a 
TTF-mcdlfled electrode on which GOD has been Immobilised by an Improved procedure. 

35 Detailed description 

Construction of Bactrpde 

A) As shown In Rg. 1 an electrode K) ts constructed from a 6.0 mm diameter graphite foil disc 12 which Is 
cemented to 3i) cm length of precut soda glass tube 18, 7j0 mm In diameter, using epoxy ruin 

40 (Ansddlte - Trade Name). The reeln Is allowed to harden for20 minutes at IOO*C. A 6 cm length of Insulated 

wire Is attached to the back of the grsphfte foil 12 with sHver loaded epoxy resin 14 (Araidlte) and lefl to set 
for 20 minute s at 10 0* C« * 

B) lOmg of TTF (FUJKA) were added to 1 ml of acetone and aOowed to dissolve. The elactnode K) was 
placed In this solution and left at 30*Cfor two houra. Afterthls time the electrode was rsmoved and left to 

4S air dryf6r60 minutes at room temperature. 

C) The electrode 10 was transl^rrad to a solutlen of 20 mg/mf l-cyelohe3^-3(2-fflorphoirncethyl) 
caitjodllmlde metho-p-toluene eulphoruEte (Sigma Chemical Company) In 0^6 M cKrate buffer pH 5.6 for 90 
minutes at room temperature. TMs Is a bnunctlonal ilgand to aid Immoblllaallon of tfte en^me on the 
eleotrtKle through covalent bonding behmen cartMxyl and amino groups. The ^ectroda was tfnsed 

SO thoroughly In dlstRfed water before being placed In 25 mg/ml glucoae oxidase eotutfon (EC Sturga 

Blochemlcala) ^ 20 mM cart>onate buR^ pH 93 at room ternperature 
rinsed in 20 mM phosphate buffer pH 7 and was ready to use. 
The results given below are derived from evervging the output of five electrodes constructed and prepared 
as above. The output of the different electrodes can vaiy conalderably and wlH depend to aome extent on the 
ss surfeca area. However. emM construction can Increase tfw consistency behwaen etoctrodes. 

Apgaratus 

The sensors ware operated uaing a BBC 32K microcomputer vCa a progrsmmable biosensor Interface 
(ArtaK Lavendon, Bucks., England)(i.B),This system utilised a Ag/AgCf referance electrode. A three electrode 
GO configuration was also employed for temperatuns profile and eunrent potentlaf cunm dateimlnatlon. A 
saturated calomel electrode was used as a reference and the auxfllary electrode was 046 mm diameter 

platinum wire. 

The sensors were immersed tn 15 ml of buffer (usually 20 mM phosphate buffer pH 7jO), contained in a 2D ml 
glass water-Jackated cell thermostatted at 25 ± O^C^ Unless stated otherwlee. tfia mMmm wm poiMd «i 
^ 200 mv v«r«ue A0/Agci or tso ntv votsus saturated calomel electrode* 
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Suffera and Reagenta 
the standard buffer was 20 mM sodium phoaphata pH 7.0 containing OJ M KCL 
The bufVera uaed for the pH profiles contained 0.1 M KCl and were aa fotlcwa: 

pH 4.0, 20 nnM citric acid*Na2 HPO4 s 
pH 4>i. 20 mM cttrtc acld-Na^ HPO4 
pH 6.0, 20 mM citric ecld-Naa HPO4 
pH 5.8. 20 mM sodium phosphate 
pH 6.3, 20 mM 30dtum phosphate 

pH 7X>, 20 mM aodtum phosphate 10 
pH 7*S, 20 mM sodium phosphate 
pH 6.0. 20 mM sodium phosphate 
pH 9^, 20 mM sodium carbonate 

Buffers uaed In the three electrode system lacked OJ M KO. Glucose was Introduced Into the system by 
Injection of known volumns of 1^ M 0-gtucose which had bean stored overnight to allow equUIbratlon of a- and 75 
P*anomers. Alt chemicals were of analytical grade. 

Callbrgtfon of the Enzyme Electrode 

The current voltage reaponao obtained for the TTF modified glucose oxkiasa (GOO) electrodes la sfKJwn In 
Flg.2. This was obtained by subtracting the currants given by the elaetrode in the absence of giucoae from 20 
currents given by the electrodes in the presence of glucose, at vartous operating potentials. The plateau 
region from 220 to 400 mV concurs y4ih other unreported data obtained from direct current cyctio vottammetry 
of TTF. It was at potentials near the kywer end of this region that the electrodes ware operated, thus minimising 
the effect of small fluctuations In the refersnce potential, whilst alao minlmlaing the amount of 
enzyme-Independent oxidation of redox species present In samples. Control electrodes lacking TTF or GOD 2S 
gave no current In response to glucose. 

The electrodes gave a linear steady-state cunent response tn the range 0 to 25 mM (Flg^). Above 25 mM 
the calibration curve became non-Unear saturating ax 70 mM glucose* This was consistent with previous 
results using ferrocene(A> and was considered to be a reflection of the Inherent enzyme kinetics of the 
Immobilised glucose oxidase under these conditions. The response of the electrode to glucose was rapid; the so 
electrodes typically took 3 to 5 minutea to reach a staady^tate current, 90<Vb of this response being achieved 
60 to 90 seconds sfter the glucose addition. The standard davlatton error t>ara shown In Flg.3 for 
measurements from fh/e different electrodes Indicate the reproducibility afforded by thie simple tabrlcatlon 
technique. 

3S 

pH Profile of Enzyme Electrodes 

The effect of pH on the anodic current of the electrode was investigated over the range. pH 4.0 to 9.4 (Flg.4). 
The data In FIg.4 Is expressed as a percentage of the currant at pH 73 to reduce the error between electrodes 
of different Initial activity. The electrodes demonstrated an optimum at pH 7.6. This rsault is In agreement with 
data published for the use of glucose oxidase with other arttfldsl electron aeoeptoraoaaai, compared to the pH 40 
optimum of 5.5 to 5.7 when oxygen Is the electron acceptorOTj. TTF replaces oxygen In the native reaction, this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protone In close proximity 
to the enzyme making the micro-environment of the enzyme become more addle and producing an apparently 
more basic pH optimum for the enzyme. The extremes of the pH range gave rtse to denatuFstlon of the enzyme 
electrode. 45 

The Effect of Temperature on the Ergyme Electrode 

The effect of temperature on the electrode was Invaatlgated between 4 to GO* C Fig.6 shows the typical 
Increase of an electrode's steady-state current in response to increasing tsmperature, at satunatlng glucoee 
concentrations (60 mM). Wlthjn the linear portion of the graph there was an average Increase of LB |l^*C. SO 
Above 35* C the plot ceased to be linear due to thermal denaturatlon of the enzyme electrode. When 
maintained at temperaturea above 3S*'C the current fell rapklly, thia effect being more severe at higher 
temperaturea. 

The Effect of Oxygen on the Enzyme Electrode 65 

Rg. 6 la a graph showing the effect of nitrogen end oxygen saturation on the anodic current of a typical 
TTF-modlfled glucose oxidase electrode, at aaturotlng glucoee concentration (Glucoee — fOO mM). 

Peak currents achieved f^m the electrodes when operating in oxygen^saturated buffer were I5.l<^ ± 
5.960A) (n «6) lower than the peak cun^nta obtained nitrogen saturated buffer. The electrodes were poised 
at a low potential (200 mV versus Ag/AgCO and any HzOz produced would not have been oxidised by the 60 
electrode. The oxygen interference effect was the result of competlthan between TTF end oxygen for eleetrone 
from the reduced enzyme, highlighting the need for a mediator to have a high afffnfty for eleetrone and teat 
electron transfer kinetics. When the electrodes were operated In air saturated buffer the reduction In currant 
due to oxygen In the air waa leas than 5A^. Under normal operating conditions, therefore, oxygen Interference 
would bs nsolloibf*. ^ 
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Stabttltv of the Electrodeg 

Fig.? Is a graph showing the decay of a typtcal TTF-fnodtfled gf ucosa oxidaee electrode et sfituratf ng glucose 
concentration (Glucose «< (00 mM). 

5 When fresh efectrodea ware run under saturating glucose concantratlans (80 mM) the peak currant had a 
hatf-llfe of 1^ to 2 hours. The peak current eventually feW to a steady level after ca. 12 hours, ThTa was not due to 
consumption of the glucose by glucose oxidase, since farther additions of glucose did not give rfse to higher 
currents* When transferred to fresh buffsr containing 80 mM glucose, however, up to 3SqA> of the original 
activity could be regained. When this process was repeated wMi the same electrodes similar rasutta were 

70 obtained. TTiese precondttfoned electrodes responded to glucose addftldna after 20 houm of operation, gMng 
25.4P^ :t 2.9(Vb (n^6) of the Original current rasponae. Enzyme electrodes were stored tn 20 mM phosphate 
buffer pH 7.0 at 4''C for 5 weeks. After this time the electrodes produced normal responaea to addltlona of 
glucose. The currents achieved Itom the efectrodea ware 26.9iVb ± d.8Q/b (n-»6) of fhs currents given by fresh 
electrodes. 

IS 

TTF-modlfled ,Glucosa Dehydrogenase 

The usefulness of 1 11^ wtth a dehydrogenase, qutnoprotein glucose dehydrogenase (EC IIJ39JT) was 
studied. This NAD-lndependent glucose dehydrogenase Is of particular fnteraat to bioaensor vrark as oxygen 
does not play a role In Its ruitive reactfon, thus it (a less susceptible to changas In oxygen tension tfian gtucoae 
20 oxidase. 

The base etectrodee were constructed and set up as deacrfbed previously. A standard dialysia membrane 
was boiled In EDTA for IS mlruftes and than thoroughly Msahed tn purified water. The TTF modified 
electrodes ware washed tn 20 mM acetate buffer, pH 5^, and eonoentrated glucose dehydrogenase Isolated 
from Acfnetobactar cateeaetlcua (50 pi) waa applied to the surfaoe of the eiectrode and was retak^ed betiind a 
2S piece of prepared dialysis membrsne by a rubber O-rtng. Calibration of the electrode was performed as usual. 

As shown In Rg. 8, the electrode gave a linear atsady^state current response In the rerige (HQ mM. Above 
this value the calibraifon curve became non-linear saturating at ca. 50 mM. Thus. gtucose/TTF wOl readily 
transfer electrons f^m gtucoae dehydrogenase. 

30 The Use of TTF with LHtfn!n»«ld Oxfdaae as an L^amlno-acld sensor 

PreUmfnaiy exparlments were also performed on an L-amino add sensor using TTF as a mediator. L-amlno 
acfd sensora were constructed essenttaqy as described by Dicks et al aai, with the exception that TTF was 
used as an Immobilised mediator in the place of ferrocene. On addHion of GOO (d of 1 M L-glutamlc add a mean 
Increase In anodic current of t5 pA was obaeived* These resufta euggsst ttui L-aniIno add oxidase Is 

35 compatible with TTF aa a mediator. 

Electron Transfer from Glucose Oxidsse to a Graphite Electrpde In Aqueous Solutfon 

TTF la extremely Insoluble In water. It Is thb property which allows ft to be readily entrapped at an electrode 
surface when used In buffared solution, it Is, howevar, sometlmaa daairable to use medlatore In ac(ueaus 

40 solution, for example to Investigate tfie kinetice of eleetron trartsfiarfyom enzymes to medlatore or for use In 
electrochemical eruyme ampflflcatfon and labelling systems, 

40 mg of TTF waa dissolved In I tnl of 1Vveeri-20 (Trade Mark). This solution vvas made 
sodium phosphate buffer. pH 7.0. A three electrode system aa previously descr1t>ed was employed with the 
addition of a potential ramp generator. A 5 mm diameter gtas^ carbon working electrode and a platinum 

45 counter electrode were us»l with a satureted calomel electrode as reference. The experiment was perfbrmed 
at 25"* C. 15 m( of 20 mM phosphate buffer, pH 7.5 was placed In to the raaetlon cell: to thb was added 300 pi of 
the TTF solution and 300 pi of 1 M glucose. Unear sweep voNamelfy (LS.V.) at a sweep rate of 4^5 mV/aeo was 
then parfonned. Once this was complete 300 pi of 20 mg/ml glucose ooddaee solution was addad and the 
LS.V. repeated. 

50 As can be seen firom Rg. 9 slgnlfteant sleetron transfer from the glucose oxidase to the electrode via TTF 
was achieved. The catalytlo peak was observed at ca. 220 versus &.C£. which corresponds with tl\a ox[datk>n 
peak of TTF detennlnad by cyclic wftametry. 

Sensor with Improved Enzyme Immobinsallon 
SS Owing to the relative instability of the cait>odnmlde ImmoblOaad eleetrodee. the lifetfrne of the eteeirades 

can bo Improved with a auperior Immot^IDsatlon nnetlKXl. Glucose oxhlasa Is a glycoertEyme (corrtalrtlng 

carbohydrate] which offere the oppornmtty to link enzyme moteculee togettier end to an electrode via its 

carbol^fdrato chains rather then through amino add rasklues(i». 
The base electrodes were constructed as described previously aruJ athnae electrode system waa employed 
60 exactly as before. 

100 mg of glucoae oxldaae (Sturge) (EC UJXA} waa diasolvsd with K) mg sodlunrHneta-perfodate In 5 ml 200 
mM acetate buffer, pH 5.5 and stirrad overnight In tt)e dsrk at 4*C. The enzyme was desattad using a Sephadex 
Q-25'column (Pharmacia PD^O prepacked column). The rasultant pertodato oxidised enzyme waa then stored 
at 4**C and was used within 2 weeks. TTte graphite base electrodes were immeraed tn a solution <*r 
65 heicadecy(Amin« In •thanoi (I mo/mi) for is mtnuto*. Ttio eioocTodes were removed^ sfiakan and aflowed to air 
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dry. Tha dry eloctrodea were then placed In a solution of TTF fn acetono (10 fng/ml) and left for I hour at room 
temperature, removed, shaken and allowed to air dry. FoHowIng thta procedure, the electrodea were placed 
Into the perlodata-oxidlaed glucoae oxidase eolutton and fncututed at room temperature for 90 mlnutea. After 
removal from the enzyme eolutlon the electrodea were Immediately placed In a solution of adlplc dlhydraztda fn 
100 mM sodium acetate buffer, pH 5.5 (2.6 mg/mt) and left for 30 mfnutee at room tempereture. The electrodes 5 
were then rinsed fn distilled water and vrars ready for uae or storage m 20 mM phosphate buffer pH 7^ at 4° C. 

As shown In Fig. 10, the electrodes gave a linear steady^state current response In the range 0-15 mM glucose. 
Above 16 mM the calibration curve became noMlnear as the glucose concentration approached electrode 
saturation. The cunrent response of the electrodes wis high. The response of the electrode was nipid and 
comparable to that achieved with cartoodilmlde treated electrodes, taking 2-4 mlnutea to reach steady-state io 
ounant, 9GQ/b of this response being reached In 60-60 seconds. The half-life decsy of this electrodes' response 
at saturating glucose concentrations (50 mM) was ea. 5^ houra. This was an Improvement of some 3 hours 
over the cartodilmlde treated electrodes. This method can be further Improved by the use of perlodata 
oxidised dextran to cross-ltnk the enzyme with adtpto dihydnulde. 

75 

Conciuafons 

Enzyme electrodes based on TTF exhibited fast electron transfer, tow oxygen Interference and a rapid 
rB9ponB9 time with reproducible perfomnance between electrodes. The effect of pH agrees with other 
published data regarding glucose oxldaae and artWdal electron aceeptor8<is.te). The pH optimum, however, 
was more marked than data presented on pH dependence of ferrocene mediated glucose oxidase 20 
6lectradas(6). Preconditioned electrodes were reasonably stable and may be suitable for use In *one-shot' 
tests using disposable electrodes. Short term continuous use would also be possible. 

These results demonstrate that TTF Is a useful and versatfle mediator of electron transfer between biological 
systems and electrodes, Blotoglcal systems nrmy be enzymes, cell figments. Intact cells, tissues or enzyme 
labelled affinity reactions. TTF derivatives, such as mono- or poly<art>oxylic acid derfvatlvea or mono- or 25 
poly-amino derfvattves. may be pra(ferable to TTF Itself In some circumstances; for example In providing 
greater solubility where the TTF Is to be used In solution, or In providing side groups for linking the TTF 
molecule to the electrode surface, an enzyme, or both. Thus, TTF will be useful In a number of configurations 
which have previously been demonstratBd with other mediators* These Include: 

(I) linking a TTF derfvative such as monocarboxyllc ackJ to an errzyme thus rendering It 30 
electroohemlcally actlveiso); 

(II) the use of mediators for affinity assays (Immunoassay, RNA probes and DMA probes) either as a 
soluble mediator or a dertvatlva which Is cleaved and then takes part In or activates an electrochemical 
reaction: 

(III) electrochemical appilcatlone such as biological fuel celts and bloelectrosynthesls of chemicals. 3S 

REFERENCES 

1. Turner AP'F. at al (1965). Bloeensors . I> 65-115. 

2. Scheller.F.W. etal (1985). Biosensors. 1. 135-160. 

3. MaadnLM. et al (1986). Biosensors, 2, 147-172. 40 

4. Tumer.AP.F. & CardoslMF., (1967). 'Blosensore: Fundamentals and Applications' (I9S7) 
(Eds>.P.F.Tumer« I.Kanjbe. and Q.S.Wn8on), OUP, Oxford, pp.257-275. 

6. Raclne,P. et al (1971). ExperfentIa, 16, 525-34. 

6. Kulys J. St al (1963). BlochinrBlophvs. Acta. . 744, 57-63. 

7. Aeton,WJ. et al (1964). "Charge ar^d Field Effects In Blosystems*; (Eds. MJ.AIten end 46 
P.N.R.Undenvood), Abacus Press, Tunbrldge Wells, England, pp. 49t-6. 

6. Cass,A.E,Q. et al (1964). Anal, Cham. . 56, 667-671 
9. Turner AP*F. et al (1964). Anal, djlm. Acta. . 163, 181-174. 

10. Roblnson.Q^ et al (1985). ain. Cham. , 31, 144&^. 

11. Weber,8.Q. et al fl979W Analyt. Lett. , 12, i-9. so 

12. Ngo.T.T. at al (1985). AppL Bfochem, Bloteehnel., II, 63-70. 

13. Cardosl.M,F. et al (1966). 'An electrochemical Immunoassay using anzyme amplification* In 'Second 
IntemattonaJ Meeting on Chemical Sensors' (Eds. J.i^coutrler et al) p. 634. 

14. Kulya^ J. (1966). Biosensors , 2, 3-13. 

15. lanlelio.R.M. et al (1980. Anal. Cham. , 53. 2090-2095. 55 
te. AleksandrovsWI.Y JV. etal (1980, Slokhlmlya, 46, 708-716, 

17. Bentley,R. (1983). The Enzymes . Vol. 7, 2nd ed. (£d. PX>. Boyer. H.Lardy and K14yrback), Academic 
Press. New. York, 567-576. 

18. Olcks,J.M. et al (1886). Anelyt Chlm. Acta. , 182, 103^12. 

19. Barbaric et al (1984). 3rd Eur. Conor, Blotechnot. , 1. 30742. eo 

20. Aaton.WJ. et al (1984). 'Biotechnology and Qenetic Engineering Reviews', Vol. L (Ed. G.E.Ruseell). 
Intercept. Newcastle upon Tyne. 89-120. 



€5 



7 



0 234 036 



Claims 

I A bEodlactrochamlcal procasa InvoMng electron transfer batwaan a redox fiyatem and an eloctroda, 
charactarfsed In that aald alactron tranafar la madtatad by a tatrattuaftiKralana, not baFng an electrfcaUy 
conductfva char^ga^trBnaABr compfax with an alactron accaptor motacuf e. 

2. A procasa according to claim I %vhareln tha tatrethlaftjivaf ana Is in solution. 
10 3. A proceaa according to claim I wharain tha tatrBthlahilvaiana ia daposltad on aaid eloctroda. 

4, A procasa according to anyone of tha preceding ctalma wherein said elactroda has Immobilised on It 
an oxidoraduotaaa enzyme that tikes part in aaid procasa. 

5. A process according to dalm 4 wherein the enzyme Is a glycoproteSn immobilised on the electrode 
via Ita cart>ohydrBta groups. 

IS 6. A process according to any one of the preceding claims wharein the preceas Invofvas the oxfdatlan 

of glucose caielysed by the enzyme glucoae oxldass or glueoae dehydrogenase or tha oxidation of an 
amino acid by amino add oxidaae. 

7. An assay procedure wtiich contprlsaa a process according to anyone of tha preceding dalma. 

8. An assay procedure according to claim 7 %vherslh the process comprfsas an enzyma-iabatted afflnfty 
20 reaction. 

9. An electrode for use in a bloelactrochemlcal process of dalm 1. aald electrode comprfsing a 
conductfva surface onto which a tatrethlafUtwalene Is deposftsd. 

10. An eiectrode according to cSafm 9 wharain said conducth^e aurftaca comprfsas graphite. 
IL An electrode according to dolm 9 or dalm K) ^/herein ttw oorMhictiva auriaoe elao has an 
2S oxfdoraduofasa enzyme Immobllfaed on it 

12. An electrode according to dalm U wherein the enzyme Is a glycoprotein and Ka Immobnisad on the 
conduetK/e aurface vta its cart>ohydrate groups. 

13. An electrode according to daftn II or dalm 12 wherein said enzyme is glucose o)ddase. 
(4. A bloelectrochemlcal cell Inoorponting an electrode of any one of cfalma 9 to K3b 
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